† George T. F. Wong, 3, 4 Anne L. Cohen, 5 Thomas M. DeCarlo, 5 ‡ § Mira A. Weigand, 2 Horng-Sheng Mii, 6 Daniel M. Sigman 2 With the rapid rise in pollution-associated nitrogen inputs to the western Pacific, it has been suggested that even the open ocean has been affected. In a coral core from Dongsha Atoll, a remote coral reef ecosystem, we observe a decline in the 15 N/ 14 N of coral skeletonbound organic matter, which signals increased deposition of anthropogenic atmospheric N on the open ocean and its incorporation into plankton and, in turn, the atoll corals. The first clear change occurred just before 2000 CE, decades later than predicted by other work. The amplitude of change suggests that, by 2010, anthropogenic atmospheric N deposition represented 20 ± 5% of the annual N input to the surface ocean in this region, which appears to be at the lower end of other estimates.
N itrogen is one of the essential nutrients limiting phytoplankton growth throughout much of the low-latitude surface ocean. Biologically available nitrogen, or fixed N, is primarily supplied to the surface ocean from nutrient-rich subsurface water, but it is also added by in situ biological N fixation and atmospheric deposition. Atmospheric transport and deposition of reactive nitrogen (nitrogen oxides, ammonium and/or ammonia, and N-bearing organic compounds) is an increasingly important source of fixed N to open-ocean surface waters, owing to the rapid increase in emissions from fertilizer usage and combustion of fossil fuels. Model estimates suggest that N input from the atmosphere to the open ocean has more than doubled over the past 100 years, accounting for up to one-third of the ocean's external N supply (1) . This dramatic increase in anthropogenic atmospheric N (AAN) has been calculated to have increased ocean productivity by 3% globally (1) and up to 25% regionally (2) . However, except in some nearshore environments (3), there is little evidence so far that anthropogenic N inputs have led to significant changes in the open ocean's N cycle and ecosystems.
The northwest Pacific Ocean is an expected hot spot for increased AAN deposition, due to rapid population growth and burgeoning industrial activity in the northeast Asian countries. Northeast Asia, especially China, has become the largest source for anthropogenic N emissions over the past 30 years (4, 5) . Although these growing N emissions have caused a clear increase in N deposition over land (6) , little long-term monitoring data exist for the marine environment, especially the nutrient-limited open ocean. Model estimates and existing coastal data suggest that atmospheric N deposition accounts for 10% of the new production in the west Philippine Sea (1), 20% in the southeastern South China Sea (7), and more than one-third in the northwestern South China Sea (1) . Observations of nutrient ratios appear to support a rise in AAN since 1980 (8) .
Nitrogen isotopes have the potential to trace changes in N sources in this region. The d
15
N of shallow subsurface nitrate in the northern South China Sea is 5.0 to 5.5‰ (9) (fig. S2 ), which is higher than that for N fixation (~-1‰) (10) and for atmospheric N deposition in this region (~-2.7‰) (11) . Given the low d Here we report a 45-year seasonally resolved CS-d 15 N record from Dongsha Atoll located at 20°40′N and 116°50′E, 340 km from land in the northern South China Sea (15) (Fig. 1) . The proximity of Dongsha Atoll to major AAN sources combined with the relatively deep (1300-m) water that surrounds it allow Dongsha to serve as a sensitive recorder of the rise in AAN deposition without the complexities of the coastal zone. The coral core was collected from a living Porites sp. (Fig. 2) . The CS-d 15 N decline before the 21st century is subtle (0.3‰), but the rate of decline accelerates within a few years of the turn of the century. The decline is superimposed on seasonal, interannual, and decadal variation, which also appear to become slightly stronger after 1990 ( Fig. 2 and fig. S4 ). A shorter CS-d 15 N decline would require at least 50% reduction in upward mixing of thermocline nitrate (15) . This would cause a clear decrease in surface ocean production, but chlorophyll concentration has been remarkably stable over the past 15 years (17, 18) , which suggests that any increase in density stratification has been offset by other changes. In addition, on the basis of available data, the d N argues against a basin-wide increase in this process (9, 19) . If N fixation alone drove the d 15 N decrease, it would require that the N fixation rate increased at least fivefold over this period, which is contradicted by all box model estimates and direct measurements of N fixation in the northern South China Sea (19, 20) . In addition, increasing AAN deposition would be expected to relax N limitation, possibly suppressing N fixation (21) . [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] suggests that, by the latter time interval, atmospheric N input had increased to account for 20 ± 5% of the total N input to the surface of the northern South China Sea (15) (Fig. 3 and figs. S5 to S7). Although uncertainties in vertical nitrate input and N fixation rate are both large, the increase in atmospheric N deposition as a proportion of the total N input is robust (15) . The greatest single source of uncertainty is whether N fixation remained constant or declined in response to the increase in atmospheric N deposition (21) . On the basis of the CS-d 15 N record, we calculate for the year 2000 that atmospheric N deposition accounted for 17% or 23% of the total N flux, assuming constant N fixation or declining N fixation, respectively (Fig. 3 and figs. S5 to S7).
Although Dongsha Atoll cannot speak directly to the global pattern of AAN deposition, it provides a local test of ocean models that are tasked with producing a globally comprehensive picture. . However, the study region was farther from Asia and excluded Dongsha Atoll's western margin environment, where N deposition rates are far higher (e.g., Fig. 1A) . The implication is that our estimate for the same time period is again comparatively low. In contrast, our estimate is remarkably consistent with a recent model reanalysis by Jickells et al. (26) , which estimates an atmospheric N input of 39 mmol N m -2 yr -1 in the region of Dongsha for year 2005 (Fig. 3) . The authors note that the major driver of change in the revised fluxes is the incorporation of observational findings that a substantial fraction of gross open-ocean N deposition reflects an ocean-atmosphere N cycle rather than a net continental input (27) . Our results thus appear to provide additional support for the importance of ocean-atmosphere cycling in the reactive N chemistry of the marine atmosphere (28) , which complicates the quantification of AAN input from direct deposition rate measurements. Another significant finding is that the CS-d 15 N decline was minor until~2000, decades later than anthropogenic N emissions increased in China (5) . The timing of CS-d 15 N change resembles the increase in the nitrogen oxide emissions associated with fossil fuel burning more than it does the ammonia emissions from food production (N fertilizer use and animal husbandry) (Fig. 4  and fig. S8 ). In particular, coal consumption and the number of vehicles have increased exponentially over the past decades, coinciding with the more rapid CS-d 15 N decline since the late 1990s. Thus, the data suggest that fossil fuel energy use has been the major driver of increasing AAN deposition in the South China Sea. This is consistent with the dominant role of energy use in the N deposition on land from the 1990s to the 2000s (29) .
Superimposed on the decreasing trend, CS-d (1, 25) and our study for the year 2000. Atmospheric N deposition contributes 17 to 23% of the total N flux in our study, depending on whether N fixation is assumed to remain constant over the study period (weak feedback) or to have declined with the rise in atmospheric N deposition (strong feedback) (15) (figs. S5 to S7). and numerical models of the reactive N cycle, has great potential to clarify the evolving anthropogenic impact on the open-ocean N cycle.
